Monoclonal antibodies to the haemagglutinin (HA) of the avian H1 influenza virus A/duck/Alberta/35/76 were used to construct an operational antigenic map of the HA molecule and to study the interrelationships of H1 viruses from different hosts. Haemagglutination inhibition tests between the monoclonal antibodies and variants selected by them provided evidence of four antigenic regions which overlap to varying degrees. Avian H1 influenza viruses displayed a spectrum of reactivities to the monoclonal antibody panel.
INTRODUCTION
Influenza A viruses of the H1N1 subtype are of interest for they represent one of the few subtypes that has been documented to spread from pigs to humans (Hinshaw et al., 1978) . Influenza viruses of this subtype infect humans, swine and birds (Easterday, 1975; and one was probably responsible for the 1918 to 1919 Spanish influenza epidemic that resulted in at least 20 million deaths worldwide. The sensitivity of the scientific community to swine influenza was illustrated in 1976 when a national vaccine programme was initiated in the U.S.A. after a swine-like influenza virus was isolated from a military recruit (Neustadt & Fineberg, 1978) .
Our renewed interest in these viruses arises from genetic and antigenic analyses (Scholtissek et al., 1983; Hinshaw et al., 1984) indicating that some of the swine influenza in Europe may have originated from H1N 1 influenza viruses in avian species. This subtype has been shown to spread from pigs to domestic turkeys and to humans (Hinshaw et al., 1983) , emphasizing the ability of H 1N 1 viruses to spread between species. Some of the genetic information in the vast pool of influenza virus genes present in aquatic birds may gain access to humans through pigs.
In order to investigate further the antigenic relationships between the H1 influenza viruses from birds and mammals, monoclonal antibodies were prepared to the haemagglutinin (HA) of the prototype avian H1 influenza virus [A/duck/Alberta/35/76, H1N1 (dk/Alberta)]. Earlier analysis with a small panel of monoclonal antibodies to A/N J/11/76 (X-53A) H1N 1 (Hinshaw et al., 1983 showed that although the antibodies reacted with two turkey (ty) isolates which were genetically, antigenically and biologically similar to swine (sw) isolates, they did not react with three duck isolates, including dk/Alberta. This suggests that the number of epitopes shared between avian and mammalian H1N1 viruses is limited.
Extensive antigenic analysis has been done on the human H1N1 viruses A/PR/8/34 and A/FM/1/47 (Gerhard et al., 1981 ; Caton et al., 1982; Raymond et al., 1983) showing similarity in 0000-6989 © 1986 SGM the number and location of antigenic sites on H1 and H3 influenza viruses. Similar studies have not been done on avian H 1 viruses. The available evidence suggests that antigenic variation may be different in avian strains and that antigenic drift as we know it in human influenza viruses may not occur. Instead, the mutant and parent viruses may co-exist. Analysis of H1N1 viruses with monoclonal antibodies to the HA of dk/Alberta provides evidence for the co-circulation of variants of avian influenza viruses, and that at least one of the four antigenic sites on avian H1 viruses is shared with swine influenza-like strains from humans and pigs.
METHODS
Viruses and disruption. The majority of the H 1 influenza viruses were from the repository at St. Jude Children's Research Hospital [including isolates from New Jersey (N J), Wisconsin (WIS), Iowa (IA), New York (NY), Tennessee (TN), Oklahoma (OK), Michigan (MICH), Missouri (MO), Nevada (NEV), Kansas (KS), Memphis (MEM), Cambridge, Mass., U.S.A. (CAM) and Bavaria (Bav)]; some were isolations from wild ducks in New Zealand (NZ) and Australia (Vict) (Tables 2 to 4). The viruses were grown in embryonated chicken eggs and were purified by adsorption to and elution from chicken erythrocytes followed by differential centrifugation and sedimentation through a sucrose gradient (10 to 40~ sucrose, 0.15 M-NaC1) (Laver, 1969) . Beta-propiolactone inactivation of antigens, which was necessary before their international shipment, prevented haemagglutinationinhibition (HI) reactions between some antigenic determinants and their antibodies. The reactivity could be restored by disrupting the antigens with Tween-ether (Kida et al., 1982) .
Serological tests. HA titrations and HI tests were performed in microtitre plates with receptor-destroying enzyme-treated sera (Palmer et al., 1975) . Neuraminidase titrations and neuraminidase inhibition (NI) tests were done by the procedure of Aymard-Henry et al. (1973) . The method for indirect ELISA was that used by Kida et al. (1982) . Plates were coated with 200 haemagglutinating units (HAU)/well of disrupted purified virus as antigen.
Monoclonal antibodies and polyclonal antisera. BALB/c mice were injected intraperitoneaUy with 5000 HAU of ether-disrupted dk/Alberta virus as described (Kida et al., 1982) . After 1 to 2 months, a booster dose of the same antigen was injected intravenously and fusion was carried out 4 days later. Monoclonal antibodies to the HA of dk/Alberta were prepared by the method of K6hler & Milstein (1976) using SP2/O-Ag-14 cells (Shulman et al., 1978) . The hybridoma cells were screened for antibody production by HI, NI and ELISA tests. Those producing monoclonal antibodies were cloned in soft agar and grown as ascites in BALB/c mice.
Polyclonal antisera were prepared by immunizing goats with purified HA subunits. Antigenic variants. Single-step antigenic variants were selected as described previously (Gerhard & Webster, 1978) . Briefly, monoclonal hybridoma antibody plus cloned parent virus were incubated together for 30 min at 20 °C. This mixture was inoculated into ll-day-old chick embryos. The viruses that grew in the presence of monoclonal antibodies were cloned twice in Madin Darby canine kidney (MDCK) cell cultures (Tobita et at., 1975) either by limiting dilutions in microtitre trays or by plaquing.
RESULTS

Operational mapping of the dk/Alberta HA
To determine the number of distinct antigenic sites on the dk/Alberta HA molecule we selected antigenic variants with a panel of 17 monoclonal antibodies. These variants were tested for reactivity with the monoclonal antibodies in HI assays. Antigenic sites can be operationally defined in such an analysis by the ability of the antigenic changes in a certain group of variants to prevent the binding of a corresponding group of monoclonal antibodies, but at the same time to have no effect on the binding of other antibodies which recognize different antigenic sites on the same molecule.
At least four different reactivity patterns were discernible from this analysis (Table 1 ) but some overlap existed between the epitopes defined by each reactivity group. The clearest resolution was between groups I and III. The epitope defined by monoclonal antibody no. 53, which gave a different reactivity pattern from the rest, formed group IV and showed overlap with group III. All or most of the monoclonal antibodies in group I recognized antigenic determinants on recent H1 viruses from swine and on human strains that had originated from swine. The epitope recognized by monoclonal antibody no. 53 appeared to be absent from the recent human and swine isolates, but was present on the classical swine influenza virus from 1930 (see Table 3 ). 
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The HI influenza viruses The H1 influenza viruses occurred in humans from 1918 to 1957 and from 1977 to the present. Additionally, these viruses occur in pigs and birds. The extent of cross-reaction between these viruses was examined by HI assays with polyclonal antisera (Table 2 ). Antisera to the human and swine H1 viruses showed antigenic relationships between A/PR/8/34, A/FM/I/47 and A/sw/IA/15/30, but there was only minimal cross-reaction with the avian (mallard, pintail, black duck and duck) H1 viruses. Polyclonal antiserum to an avian H1 virus (or pooled monoclonal antibodies to dk/Alberta), on the other hand, showed cross-reactions between H1 viruses from human, swine and avian sources. The results confirm that H1 viruses from humans, pigs and birds are members of the same subtype, and this is most clearly illustrated with an antiserum to an avian strain (dk/Alberta). These results indicate asymmetrical cross-reactions between the HAs of mammalian and avian H1 influenza viruses. The similarity in crossreaction obtained with the dk/Alberta polyclonal antiserum and the monoclonal antibody pool suggests that the majority of epitopes on this avian H1 virus were recognized by the individual monoclonal antibodies. However monoclonal antibodies that recognized epitopes on A/USSR/90/77 and A/England/333/80 were missing from the panel.
Analysis of ill influenza viruses with monoclonal antibodies
Analyses of the human, swine and avian H1 influenza viruses with monoclonal antibody to the HA ofdk/Alberta were done to define the interrelationships of these viruses. The panel of 17 monoclonal antibodies to the HA of dk/Alberta were all different as judged by their interaction with naturally occurring variants (Tables 3 and 4) or with laboratory-selected variants (Table 1) .
Analysis of the human prototype H1 viruses with this panel of monoclonal antibodies revealed that only two antibodies, both in group II, reacted with A/PR/8/34 and none reacted with A/FM/1/47 or A/USSR/90/77 (Table 3) . Similarly, the classical Shope swine influenza virus A/sw/IA/15/30 reacted with only two (no. 88 and no. 53; groups III and IV) of the 17 monoclonal antibodies, and another early swine strain, A/sw/Cambridge/39, did not react with any. H 1N 1 influenza viruses isolated from pigs in 1967, 1975 and 1980 reacted with more than half of the monoclonal antibodies in the panel representing groups I, II and III. The reactions of the 1967 isolate differed from those of the three viruses isolated later.
The reactivities of the swine influenza-like viruses isolated from humans in 1976 and 1982 were essentially identical with those which were circulating in pigs at that time (e.g. A/sw/WIS/8/80) ( Table 3 ). An exception was the A/N J/11/76 reassortant X-53A which was selected with antiserum to A/sw/Cambridge/39 (Kilbourne, 1978) . It was significantly different antigenically from the A/N J/8/76 parental virus and reacted with only one monoclonal antibody (group III).
Analysis of avian and recent swine influenza-like H 1 influenza viruses from humans, pigs and birds leaves no doubt that these viruses are related antigenically (Table 4 ). The viruses could be divided into groups based on their reactivity patterns. Viruses isolated from wild ducks in North America in 1976 to 1978 which reacted with all or most of the antibodies in groups I, II and IV made up group A. Group 13 contained the H1 viruses from mammals (humans and pigs) and turkeys. They reacted with most of the group I antibodies, some in group II and monoclonal antibody no. 88 in group III. The turkey isolates in this group (A/ty/KS/4880/80 and A/ty/MO/1/81) have been shown to originate probably from pigs (Hinshaw et al., 1983 ). The remaining group contains H 1 viruses isolated from wild ducks in Australia (Victoria), Germany (Bavaria), New Zealand and North America. They reacted with varying numbers of groups I, II and III monoclonal antibodies. The similarity of the monoclonal antibody reactivity patterns of the viruses isolated from humans, pigs and turkeys (three different patterns among l0 viruses) contrasts with the diversity of the reactions of the wild duck viruses (10 patterns among 13 viruses). 
Reactions of swine and human HIN1 influenza A viruses with monoclonal antibodies to dk/Alberta
Monoclonal antibody group and number The purpose of this study was to establish an antigenic map of the HA of an avian H1 influenza virus and to determine the antigenic interrelationships of the H 1 viruses from humans, pigs and birds. It also provides the opportunity to examine antigenic drift in the same influenza virus subtype from different hosts.
Analysis of swine-like HI influenza A viruses with monoclonal antibodies to the
HA
Antigenic mapping of the human H1 viruses A/PR/8/34 (Gerhard et al., 1981 ; Caton et al., 1983) and A/FM/1/47 and the related A/USSR/90/77 strain (Kendal et al., 1978; Nakajima et al., 1983; Raymond et al., 1983) revealed that the globular head of the HA molecule has four antigenic regions which correspond with those found on the H3 subtype (Webster & Laver, 1980; Wiley et al., 1981) . Operational antigenic mapping of the HA of dk/Alberta showed that it also has four antigenic regions in which the antigenic determinants were recognized by eight, five, three and one monoclonal antibodies respectively (Table 1) . Studies are in progress to locate the four antigenic sites on the primary amino acid sequence of the molecule. Antigenic analysis of the avian H 1 viruses with the panel of monoclonal antibodies showed a spectrum of activity ranging from dk/Alberta, which by definition reacted with all 17 monoclonal antibodies, through some which reacted with only five antibodies, to some which were not inhibited by any (data not shown). Most of the variation between isolates occurs in the antigenic determinants which are recognized by groups II, III and IV antibodies.
Some of the heterogeneity is associated with the geographical location from which the virus was obtained, but even in a single area, such as Alberta in North America and Victoria in Australia, antigenic variants were co-circulating. This could arise by antigenic drift and cocirculation of stable antigenic variants.
By contrast, all of the swine H 1 isolates from pigs and humans fall clearly into two categories, those which react minimally or not at all with the dk/Alberta monoclonal antibodies, and those which react with all or most of the group I antibodies and some in groups II and III. The first category comprises two early isolates (A/sw/IA/15/30 and A/sw/Cambridge/39) and the X-53A variant of A/N J/11/76. The second category contains swine influenza-like H1 viruses which were isolated from humans and pigs between 1967 and 1982 (Table 3 ). The recent isolates differ from the earlier ones in at least three of the four antigenic sites.
The antigenic similarities among the HAs of swine influenza-like viruses isolated from different species and from different geographical areas suggest that they have a common origin. Two possible ways in which this could have occurred are independent parallel antigenic drift of the H1 HA in different species or transfer of virus genes between species. While independent antigenic drift cannot be excluded, the probability of it occurring and producing such similar antigenic spectra is not high. On the other hand interspecies transmission of swine influenza virus to turkeys and humans has occurred naturally (Hinshaw et al., 1983) and transmission of duck influenza viruses to pigs has been achieved experimentally (Hinshaw et al., 1981) . Also the H 1 virus which is currently causing an epidemic of swine influenza in Europe contains genes of avian H1 virus origin (Scholtissek, et al., 19~3) .
The two co-circulating antigenically and biologically distinguishable variants of the swine influenza-like isolate A/NJ/11/76 (Kilbourne, 1978) reacted in different ways with the monoclonal antibodies. The reassortant X-53 reacted with 11 antibodies representing three antigenic regions, but X-53A reacted only with antibody no. 88, which also reacts with A/sw/IA/15/30. This suggests that although a variant with avian influenza virus HA antigenic determinants is predominant in the wild-type A/N J/11/76 virus, another HA variant which is antigenically similar to the prototype swine influenza virus was co-circulating with it.
One possible explanation of these observations would be that between 1930 and 1967 either an avian HI influenza virus was transmitted to pigs or the HA gene of an avian H1 virus was introduced into swine H 1 influenza viruses. The antigenic differences between A/sw/WIS/1/67 and the post-1975 isolates as exemplified by A/N J/8/76 could be due either to subsequent antigenic drift in pigs or to the transfer of avian H 1 influenza virus HA genetic information occurring more than once.
The finding that the antigenic reactivities of the HA of swine influenza-like viruses isolated from pigs and humans during the last decade were virtually identical compared with the variable reactivities of the avian isolates may be relevant to understanding the mechanisms by which genetic information is transmitted between influenza viruses that infect different host species. One might speculate that mammalian viruses have a specific constellation of antigenic determinants on the HA and when an opportunity occurs for an avian influenza virus to infect a mammal, physiological pressures in the new host select a variant with the correct constellation of determinants. Evidence for such a host selection mechanism at the cellular level has been presented by Schild et al. (1983) .
